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ABSTRACT 

We discuss the kinetic Sunyaev-Zel'dovich (SZ) contribution to cosmic microwave background (CMB) 
temperature fluctuations due to coherent rotational velocity component of electrons within halos. This 
effect produces a distinct dipole-like temperature distribution across the the cluster, and provides a 
promising way to measure the angular momentum distribution of gas inside clusters. Information ob- 
tained from such a measurement may provide new insights to the origin and evolution of angular mo- 
mentum in hierarchical structure formation theory. For typical, well relaxed, clusters of mass a few 
times 10 14 Mq, the peak fluctuation is of the order a few [iK, depending on the rotational velocity 
and the inclination angle of the rotational axis. For clusters which had underwent a recent merger, the 
contribution to temperature fluctuations could be even larger. This dipole signature is similar to the 
one produced by lensed CMB towards galaxy clusters, though the lensing contribution spans a larger 
angular extent than the one due to rotational scattering as the former depends on the gradient of the 
cluster potential. Since the lensing contribution towards clusters are aligned with the large scale CMB 
gradient, when higher resolution observations towards clusters are combined with a wide field CMB map, 
these two effects can be separated. An additional, but less important, source of confusion is the dipolar 
pattern produced by the moving-lens effect involving, again, the gradient of the cluster potential and 
the transverse velocity. The angular power spectrum of temperature anisotropics produced by the halo 
rotation is expected to be smaller than those due to the thermal SZ and peculiar velocity kinetic SZ 
effects. 
Subject headings: cosmology: theory — cosmic microwave background — large scale structure 
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1. INTRODUCTION 



In recent years, stimulated by the great advances in 
the e xperimental front, — theoretical study of secondary 



anisotj ropioe in the cosmic microwave background (CMB) 
temperature has been carried out to much lengthy de- 
tail. At large angular scales, the acoustic peak structure of 
CMB provid es detailed inform ation related to cosmological 
parameters (Eisenstcin ct al 1999), while at smaller angu- 
lar scales, the CMB anisotropics contain importa nt infor- 



mation related to local large scale structure (e.g., |Cooray 
2001). 

Among the secondary contributions important at small 



Sun- 



angular scales, the thermal Sunyaev-Zel'dovich (SZ 
yaev fc Zcl'dovicq 1980) effect due to the inverse- Compton 
scattering of CMB photons by hot electrons i n galaxy clus- 
tcrs is no w well studie d both experimentally flCarlstrom ct 



aL 1996; llones et al 1 993) and theoretically (gpringcl el 
all 2001; ICoorayl 2 000 " 



Komatsu fe Kitayama 1999; [Mol- 



nar fc Birkinshaw 2000; Cooray| 2001). Since the thermal 
SZ effect bears a distinct spectral signature, with multi- 
frequency data, it is possible to separate its contribution 
from others, allowing a detailed study of its properties 



( Cooray et al. 2000). Another contribution, the kinetic SZ 
effect, comes from the peculi ar motion of electrons in the 
rest frame of CMB photons ( Sunyaev fc Zcl'dovich 1980). 
This effect is also known as the Ostrikcr- Vishn iac effect in 
the linea r regi me of den sity fluctuations (OV; Ostriker fcj 



tail an alytically 



Vishniac 1986; Vishniac 1987) a nd has b een studied in de- 
~pu| 2000 " 



[ejL 



ically i flSpr - mgcl ct al. | 2001 ; |Ma fc Fry | 2001) during recent 



Cooray 2001) and numcr- 



years given the possible observational measurement. At 
these small scales, other important contribution s include 
weak gravita tional lensing of CMB photons (e.g., Seljak & 



Zaldarriaga 2000) and contributions via scat tering through 
inhomogeneous reionization scenarios (e.g., Aghanim et &\ 
1996). 

In this paper, we study a possible contribution to the 
CMB anisotropy that results from the rotation of clusters. 
The effect is similar to the kinetic SZ effect, however, the 
electron motion, relative to the rest frame of CMB, is now 
due to the rotational velocity of the associated halo and 
not the usual line of sight peculiar motion. With the ro- 
tational axis aligned across the line of sight, the effect has 
a useful observational signature involving a distinct nega- 
tive and positive temperature decrement towards a given 
halo. For spherically symmetric halos, this dipolar pattern 
is symmetric and its peak magnitude and the extent allows 
a measurement of the rotational velocity when combined 
with other observations towards galaxy clusters that probe 
the baryon distribution. 

As far as we know, in previous analytical calculations of 
kinetic SZ effect, this contribution has not been included. 
However, we note that this rotational contribution should 
be present in the total kinetic SZ contribution measured in 
numerical simulations, even though in previous studies no 
attempt has been made to separate this rotational velocity 
of gas from the peculiar motions. Though this effect may 
not be well represented in current simulations due to issues 
associated with resolution, the general agreement b etween 
curr ent analytical theory and numerical models (Ma & 



Sherman lairchild Senior Kcscarch Fellow 



Fry 2001) of the kinetic SZ effect then suggests that this 
effect may be statistically small. Nevertheless, we find that 



the effect is important for certain well aligned individual 
clusters. The rotational contribution to the kinetic SZ 
effect also has several interesting applications as we detail 
here. 

In general, the collisionless components of galaxy clus- 
ters are supported by velocity dispersion, and the gas com- 
ponent by pressure. The cluster temperature is related to 
these through virial equilibrium. Still, some rotation in 
the cluster is generically expected, with a magnitude of at 
least a few percent of the circular velocity. Such a rota- 
tion produce a dipole pattern in a kinetic SZ map of the 
cluster, which could then be used to measure the angu- 
lar momentum of the cluster gas. As we shall discuss in 
§ 2, such measurements could shed light on the origin and 
evolution of angular momentum in the hierarchical struc- 
ture formation scenario, which is at present one of the 
outstanding problems in models of galaxy formation. 

The galaxy cluster rotations may also have an important 
role in massive cooling flows: the associated energy trans- 
port of baryons within the halo may provide a solution 
to one of the well known problems in astrophysics today 
involving a lack of low temperature gas in cooling flows as 
observed by Chandra and XMM recently ( Bohringer et a,\ 
2001). 

Extending our investigation to a distribution of galaxy 
clusters, we also calculate the angular power spectrum of 
anisotropies produced by randomly oriented rotating ha- 
los. We find that the halo rotation make less contribution 
to the angular power spectrum than the thermal SZ effect 
and the kinetic effect due to halo peculiar velocities. Nev- 
ertheless, this rotation-generated dipole could also com- 
plicate efforts to detect a similar dipole-like pattern in 
temperature produced by g ravitational lensing of CMB 
photons by galaxy clusters ( Beljak fe Zaldarriaga] 2000). 
Here, it was suggested that the dipole signature related to 
lensing can be used to extract the lensed CMB contribu- 
tion, and thus, some aspect of the lensing potential. We 
suggest that such a study may be contaminated by the ro- 
tational kinetic SZ signal. However, when high resolution 
CMB observations towards clusters are combined with a 
wide-field CMB map, the dipolar patterns produced by 
the rotational kinetic SZ effect and the gravitational lens- 
ing effect can be separated out based on the fact that the 
dipole due to lensing is aligned with the large scale CMB 
gradient. The large scale CMB gradient typically spans 
several tens of arcminutes, while a typical cluster spans at 
most few arcminutes on the sky. In some cases, the large 
scale CMB gradient is negligible, for example if the cluster 
happens to be on top of a CMB hot or cold spot, instead 
where the background temperature changes. In such a fa- 
vorable scenario, the rotational contribution may provide 
the only dominant dipolar pattern. 

This paper is organized as follows: in § 2, we briefly re- 
view the current understanding and modeling of the clus- 
ter rotation. In § 3, we calculate the rotational halo contri- 
bution to CMB anisotropies due to an individual cluster. 
In § 4, we discuss angular power spectrum of tempera- 
ture fluctuations and conclude with a discussion in § 5. 
Though we present our derivations for arbitrary cosmol- 
ogy, for the illustration of our results, we take a ACDM 
cosmology with parameters Q m — 0.35 for the matter den- 
sity, fib = 0.05 for the baryon density, J7a = 0.65 for the 
cosmological constant, h — 0.65 for the Hubble constant, 



and a scale- invariant spectrum of primordial fluctuations, 
normalized to g alaxy cluster abundances (as = 0.9; see, 
Viana fc Liddk 1999). and consistent with COBE nor- 
malization of |Bunn fc White (1997). For the linear power 
spectrum, we use the fitting fun ction for the transfer func- 
tion given by Eiscnstcin fc Hu| (1999). 



2. THE ROTATION OF DARK HALO AND CLUSTER GAS 

The angular momentum plays an important role in the 
formation of structures, yet at present, our understanding 
of its origin and evolution is very incomplete. A widely 
accepted model for the origin is that the angular momen- 
tum isjnduced b y tidal to rques from the surro undin g mat- 
ter (|Hoyle| 1953; |Peebles| 1969; |Doroshkevicbl 1970; [White 
1984)! During the linear growth stage, the angular mo- 
mentum of matter increases until over dense regions reach 
their ma ximum size and the n tur n around, collap sing in 
to halos (Catelan & Themis 1996; Sugerman et al 2000). 
This predicts a log normal distribution for th e spin pa- 



rameter, a s seen in N-body simulatio ns (e.g., Barnes & 

Peacock! 1988 



1 



Efstathiou 1987; Heavens 



Zurck et a 



with the right order of magnitude. In galaxy size 
halos, the baryons cool and contract while conserv ing an- 
gular momentum an d, eve ntually, form dis ks (e.g.,Meste] 
1963; |White fc Rees] 1978; [Fall fc Efstathio| 1980). 



There are a number of problems, however, confronting 
the tidal torque theory. The predicted rotation i s about 



three times h igher than simulations indicate (e.g., Barnes 



& Efstathiou 1987), and the prediction on the direction 



of spin has large errors (e.g., Lee & Per 2000). Recently. 
an alternative suggestion was made in which the angular 
momentum were acquired fro m the orbital angul ar mo- 
mentum of merging satellites ( |Maller et a] 2002; Vitvit 



ska et alj 2001). While a complete understanding is still 
lacking, the distribution of angular momentum could be 
"measured" in high resolution numerical simulations. One 
study found that the distribution of angular momentum 
among halos could be characterized as log normal, with 
typical rotation velocity about 5% of circular velocity. For 
most halos, there is a "universal" spin profile consistent 
with solid body rotation. The solid-body rotation, how- 
ever, saturates at large values for the angular momentum. 
The spatial distribution of angular momentum in most 
halos, 80% of the sample, tend to be cylindrical and well- 
aligned while the halo spin is almost independent of its 
mass and do es not evolve w ith redshift except after ma- 
jor mergers (Bullock et al. 2001). The existence of this 
"universal spin profile" is still being debated; while there 
is a fraction of halos whose rotation is not well aligned, a 
greater percentag e of such mis-aligned halos were found in 
a different study ( van den Bosch et a] 2002). Still, we note 
that these two studies do agree on the total amount of the 
angular momentum. Since in observe d galaxies such mis- 
aligned halos are not very common, in v&n den Bosch et a] 
(2002) it is speculated that the negative angular momen- 
tum material combine with positive ones to form bulges. 
In the context of galaxy clusters, following similar argu- 
ments, one should expect to find these material form cD 
galaxies in the center. 

The problem become much more complicated, however, 
when baryons are taken into account. A well known prob- 
lem in galaxy formation theory is the "angular momentum 
catastrophe" : overcooling gas looses significant amount of 





Fig. 1. — Temperature fluctuations due to galaxy clusters: (a) kinetic SZ effect involving peculiar motion, (b) lensing of CMB primary 
temperature fluctuations, and (c) the total contribution from kinetic SZ, lensing and rotational velocity. The total contribution shows an 
asymmetric dipolar pattern with a sharp rise towards the center. We use the same cluster as shown in figure El 



angular momentum and contracts to a dis k which is an or- 
der o f magnitude smalle r tha n observed ([Navarro fc Bcnz 
1991; |Navarro fc White] 1994; |Navarro fc Steinmctz| 2000^ 
The overcoolin g of gas c ould be prevented by supernova 
feedback (e.g., Weil et al| 1998) which is some what uncer- 
tain. 

The observational study of cluster rotations may provide 
interesting clues for solving some of these problems. If an- 
gular momentum of cluster gas can be measured, it may 
provide a potentially "cleaner" test of our understanding 
on the origin and evolution of angular momentum. Since 
CMB observations can probe, potentially, to a higher red- 
shift without the (1 + z) 4 brightness dimming encountered 
in classical X-ray studies, one can expect to study not 
only nearby clusters but also a population of high redshift 
clusters. Such an approach allows a survey of angular mo- 
menta for the understanding of its evolution. 

At present, there is limited information on gas rotational 
velocities in galaxy clusters since high resolution simula- 
tions of clusters are limited to dark matter and not gas. 
Inspire d by the study of halo angular momentum distribu- 
tion in Bullock et al. (2001) for dark matter, to illustrate 
our calculations, we shall assume that (i) the dark matter 
have a universal angular momentum profile in each halo, 
which is very close to solid body rotation; (ii) the distribu- 
tion of the spin parameter satisfies a log normal distribu- 
tion; and (iii) electrons have the same angular momentum 
distribution as the dark matter. 

As discussed above, the hypothesis (i) involving the ex- 
istence of a dark halo universal spin profile is still debated. 
We expect this issue to be resolved, eventually, with the 
improvements in numerical simulations. In this analytical 
study, we shall tentatively adopt it as a working hypothe- 
sis. This allows us to make an estimate of the magnitude 
of the signal in CMB temperature fluctuations. We sug- 
gest that once high resolution maps of the kinetic SZ effect 
become available from next generation CMB experiments, 
this hy pothesis will be teste d observati onally. The s imula- 
tions of |van den Bosch et al| (2002) and [Mailer et al| (2002) 
indicate that the size of the spin parameter of dark matter 
and gas are similar, though they do not necessarily align in 
the same direction. Thus, our third assumption should be 
right, even if the gas does not corotate with dark matter. 

3. CALCULATION 




Fig. 2. — Contribution to temperature fluctuations through halo 
rotation for a cluster of mass 5 X 10 14 Mq at a redshift of 0.5. 
The temperature fluctuations produce a distinct dipolar-like pattern 
on the sky with a maximum of ~ 2.5 fi¥i. Here, rotational axis is 
perpendicular to the line of sight and x and y coordinates are in 
terms of the scale radius of the cluster, based on the NFW profile. 



We can write the temperature fluctuations due to the 
kinetic SZ effect as 



AT 

— (A) 



dx<JTn e e T n • v , 



(1) 



where v is the velocity field of electrons with number den- 
sity n e , t is the optical depth to scattering and <jt is the 
Thomson cross-section. 

The peculiar velocity kinetic SZ effect resulting from 
the large scale struc ture has now been well studied (e.g., 
Hu 2000; Ma fc Fry 2001). In analytical calculations, one 
usually describes the velocity field of electrons through 
the peculiar motions associated with large scale structure 
bulk flows. In this respect, calculations usually involve 
the linear theory description of the velocity field, which is 
applicable at large scales. At non linear scales, in addition 
to peculiar motion, the velocity field of electrons in galaxy 



clusters is likely to include an additional component due 
to rotation. 

Assuming that the dark matter mo tion could also be de- 



scribed by the universal spin profile (Bullock ct al. 2001), 



we adopt the simplifying assumption of solid-body rotation 
for each cluster as discussed in § 2. This allows us to pre- 
scribe halo rotations through a constant angular velocity, 
u>, for each cluster. One can easily modify our calculation 
for other rotational profiles for cluster gas, such as a ro- 
tational component that is a function of the radius, w(r). 
We take an angular momentum profile for baryons that fol- 
low dark matter; this is consistent with simulations even 
if the gas motion docs not follo w that of the dark mat- 
ter exactly van den Bosch et al (2002). This assumption 
should be valid at large radii and beyond a typical cluster 
core radius. In the inner-most region, rotational veloci- 
ties of electrons may differ from that of the dark matter 
due to effects related to pressure cut-off, additional effects 
resulting from the presence of significant magnetic fields, 
and massive cooling flows. Note that, currently, we do not 
have detailed information related to cluster gas rotation, 
both observationally and numerically. The limited infor- 
mation w e have is consist ent with our assumptions: for 
example, Efstathiou ct a| (1988) found that the ratio of 
rotational velocity to velocity dispersion in galaxy clusters 
at the radii where overdensity is about 500 times the back- 
ground is about 0.15, which, as we find later, is somewhat 
higher than estimates based on the assumption that gas 
rotate with dark matter, ~ 0.12, though consistent with 
uncertainties in observational data and numerical studies. 
For an individual cluster at a redshift z with an angu- 
lar diameter distance d c , we can write the temperature 
fluctuation as an integral of the electron density, n e (r), 
weighted by the rotational velocity component, wr cos(a), 
along the line of sight. Introducing the fact that the line 
of sight velocity due to rotation is proportional to sine of 
the inclination angle of the rotational axis with respect to 



the observer, i, we write 



AT 
~T 



— —($, <p) — cr T e T rj (9) cos 4> sin i 



where 



n($) = 



2rdr 



d a 9 Vr 



die 2 



n e (r)ujd c 



(2) 



(3) 



Here, 8 is the line of sight angle relative to the cluster 
center and <f> is an azimuthal angle measured relative to 
an axis perpendicular to the spin axis in the plane of the 
sky. In simplifying, we have introduced the fact that the 
angle between the rotational velocity and line of sight, a, 
is such that cos a = d c 6/r. In Eq. g, i? v ; r is the cluster 
virial radius and we model th e galaxy cluste r dark matter 
distribution as prescribed by Navarro et al (1996; NFW) 
with a scale radius r s , 



Ps{r) 



Ps 



(r/r a )(l + r/r s ) 2 



(4) 



Note that the density profile can be integrated and related 
to total dark matter mass of the halo within i? v ; r 



M s = 4irp s r* 



log(l + c) - 



1 + c 



(5) 



where the concentration, c, is R v i r /r s . Alternatively, 
spherical collapse tells us M — A-Kr^A.{z)pb/2>, where A(z) 
is the overdensity of collapse and pb is the background 
matter density today. By equating these two expressions, 
one can eliminate p s and describe the halo by its mass M 
and concentration c. 

To describe the baryon distribution in clusters, we make 
use of the hydrostatic equilibriu m to calculate a profile 
for the gas distribution following Makino et al. (1998). 



The hydrostatic equilibrium is a valid assumption given 
that current observations of halos, mainly galaxy clusters, 
suggest the existe nce of regularity relations, such as size- 
temperature (e.g., Mohr & Evrard 1997), between physical 
properties of dar k matter and baryon distributions. We 
refer the reader to Cooray (2000) for full details. Using the 
hydrostatic equilibrium allows us to calculate the baryon 
density profile, p g {r), within halos 



Pg( r ) = Pad 



-b 



r 

1 + — 



br s /r 



where b is a constant, for a given mass, 



b = 



4:TrGpm p p s 
kuTf, 



(6) 



(7) 



with the Boltzmann constant, ks Makino et al. (1998). In 
general, the halos are described with virial temperatures 



kuT P 



^Gpm p M s (r v ) 
3r v 



(8) 



with 7 = 3/2 and p, = 0.59, corresponding to a hydrogen 
mass fraction of 76%. Since r v oc M s ' (1+z)^ 1 in physical 
coordinates, T e oc M 2 / 3 (l + z). 

To describe the halo rotations, we write the dimension- 
less sp in parameter A(= J^/E/GM 5 / 2 ) following Bullock 



et al. (2001) as 



J 



V c 9(c) 



2V c M vil R 



vir J L vir 



m 



(9) 



where the virial concentration for the NFW profile is 
c = i? v ii/r s , J is the total angular momentum, and 
V 2 = GM v ir/-Rvir- To relate angular velocity, w, to spin, 
we integrate the NFW profile over a cluster to calculate J 
and write 

u= sxv^m (l0) 

R V irh(c)^Jcg{c) 

The functions /(c), g{c) and h(c), in terms of the concen- 
tration, follows as 



/(c) = ln(l + c) - 
21n(l 



1 + c 
-c) 



1 



9{c) 



h{c) =31n(l 



1 + c (1 + c) 2 

, c(c 2 - 3c - 6) 



(11) 



To set the normalization for the baryon profile, we take 
the baryon fraction in galaxy clusters to be the univer- 
sal baryon fraction such that M gas /M vir = Q b /rt m (see, 



Cooray 2000 for details). One can modify the fraction of 
baryons, as a function of halo mass, from the universal 
assumption used here. We note that, thou gh the k inetic 
SZ effect is sensitive to the galaxy groups ( Cooray 2001) 
whose gas distribution may be uncertain, the rotational 
contribution is skewed towards massive clusters: at the 

1/3 

virial radius, the velocity due to rotation scales as M vi ' r , 
for a sample of halos with the same concentration. Thus, 
the calculations presented here are not fully dependent on 
the highly uncertain gas distribution in smaller halos such 
as gr oups. 



In Bullock et al 



(2001), the probability distribution 
function for A was measured through numerical simula- 
tions and was found to bejwell described by a log normal 
distribution with a mean, A, of 0.042 ± 0.006 and a width, 
a\ of 0.50 ± 0.04. We use the mean value of A to calculate 
to for individual clusters; we also found results based on 
integrating the exact probability distribution function to 
be consistent with results based on the mean. Note that 



in simulations of Efstathiou et al (1988), the spin param- 
eter was found to be in the range of 0.04 to .06 with a 
m ean of ~ 0.05, slightly above the estimate by Bullock et 
al.Q2J)01). 

4. INDIVIDUAL CLUSTERS 

In Fig.pl we show the temperature fluctuation produced 
by the rotational component for a typical cluster with mass 
5 x 10 14 Mq at a redshift of 0.5. The maximal effect is on 
the order of ~ 2.5 /iK with a sharp drop towards the center 
of the cluster due to the decrease in the rotation velocity. 
As shown, the effect leads to a distinct temperature dis- 
tribution with a dipole like pattern across clusters. Here, 
we have taken the cluster rotational axis to be aligned 
perpendicular to the line of sight; as it is clear, when the 
axis is aligned along the line of sight, there is no result- 
ing contribution to the SZ kinetic effect through scatter- 
ing. Additionally, we note that the halo rotations can only 
contribute to CMB temperature fluctuations through scat- 
tering processes. In terms of gravitational redshift related 
contributions, the momentum associated with the rota- 
tional velocity does not contribute to the non-linear inte- 
grated Sachs- Wolfe effect as the result ing time -derivatives 
of the potential fluctuations are zero ( |Cooray 2002). 

The order of magnitude of this rotational contribution 
can be understood by estimating the rotational velocity 
where the effect peaks. In Eq. 10, rotational velocity is u> ~ 
3AV c /i?vir with functions depending on the concentration 
in the order of a few (w 2.4 when c = 5). Since the circular 
velocity for typical cluster is of order ~ 1500 km s , with 
i? v ir ~ Mpc and A ~ 0.04, at typical inner radii of order 
~ l/5i? V i r , we find velocities of order ~ 36 km s _1 and 
increases to about ~ 180 km s" 1 at the outer radii of the 
cluster. Since, on average, peculiar velocities for massive 
clusters are of o rder ~ 300 km s^ 1 in our fiducial ACDM 
cosmology (see, |5hcth fc Diafcrio ), the rotational velocity, 
at typical core radii of clusters, is lower by a factor of 
~ 10, when compared with the peculiar velocity of the 
typical cluster. Similarly, at the outer radii, the ratio of 
rotational velocity to velocity dispersion of the cluster is 
of order 0.12, c onsistent with the expectation of 0.15 by 
Efstathiou eta] (1988). 

Furthermore, since the kinetic SZ due to peculiar motion 
peaks in the center of the halo where the density is highest, 



while the rotational effect peaks away from the center, the 
difference between maximal peculiar kinetic SZ and rota- 
tional kinetic SZ temperature fluctuations is even greater. 
Note, however, each individual cluster has a different ori- 
entation and magnitude of peculiar velocity and rotation, 
thus the velocity-to-rotation ratio could vary a lot. In fa- 
vorable cases where the peculiar velocity is aligned mostly 
across the line of sight, the rotational contribution is im- 
portant. 

It should be noted that the above discussion applies to 
typical clusters found in blind surveys. For initial attempt 
of detecting this effect, one may observe more favorable 
cases where there are indications of significant rotational 
velocity from other observations. For example, hints for 
significant rotation may come from evidence for a recent 
merger, large ellipticity and bimodal distribution of clus- 
ter galaxies. Indeed , there is some observational evidence 
(Dupke & Bregman 2001) that in two nearby clusters, the 
Perseus cluster (Abell 426) and Centaurus cluster (Abell 
3526), the gas is rotating with velocity of a few 1000 km 
s _1 ; This rotational velocity is much greater than the typ- 
ical case we have assumed and produces few tens of /iK 
signal in the CMB data instead of the few /iK signal. In 
such nearby merging clusters, the rotational contribution 
may be detectable with instruments that are just becoming 
available, such as the BOLOCAM (Lange, private commu- 
nication^ 



In Dupke & Bregman (2001), the evidence for gas ro- 
tation comes from the redshift gradient of X-ray emission 
lines across the cluster surface. The use of X-ray lines al- 
low another method to probe gas motions in clusters. Un- 
fortunately, the spectral resolution of the X-ray telescopes 
are limited and makes it difficult to search for smaller, 
and more typical, rotational velocities in relaxed clusters. 
Furthermore, for more distant clusters, the photon flux is 
lower and the detection is almost impossible. This is not a 
problem for observations associated with fluctuations im- 
printed on CMB as the sensitivity does not decrease sig- 
nificantly with redshiftQ Also, we note that the sensitivity 
of X-ray emission is proportional to n^, while the contri- 
bution to CMB only depends on the electron density, n e . 
Thus, we expect the SZ kinetic signal due to rotation to 
fall off less rapidly than the X-ray emission when one looks 
at larger radii from the cluster center. 

In Fig. H we show the kinetic SZ effect towards the same 
cluster due to the peculiar motion and the contribution 
resulting from the lensed CMB towards the same cluster. 
The latter contribution is sensitive to the gradient of the 
dark matter potential of the cluster along the large scale 
CMB gradient. In this illustration, we haven taken the 
CMB gra dient to be the rms v alue with 13 /iK arcmin -1 
following 3cljak & Zaldarriaga (2000). Previously, it was 
suggested that the lensed CMB contribution can be ex- 
tracted based on its dipole like signature. Given the fact 
that the rotational contribution also leads to a similar pat- 
tern, any temperature distribution with a dipole pattern 
across a cluster cannot easily be prescribed to the lensing 
effect. 

There is also another source of confusion resulting from 
the dipolar pattern towards clusters produced by the 

2 We note that, however, one need improving angular resolution 
to probe more distant clusters. 



moving- lens effect (Molnar fc Birkinshaw 2000) resulting 



from the non-linear Rees-Sciama effect (IRees & Sciama 



^J2C 



1968; see Cooray 2002 for a recent calculation). The sig- 
nal here is again depends on the gradient of the cluster 
potential, but, weighted by the transverse velocity across 
the line of sight. The resulting temperature fluctuations 
are again, at most, a few /iK. The dipolar pattern pro- 
duced by this effect is aligned with the direction of the 
motion across the sky, which need not be same as the di- 
rection of the large scale CMB gradient which is lensed. 
Therefore, in principle, it is possible to separate these two 
confusing signals from each other, as well as, for the rota- 
tional contribution. 

The possibility for separation could be understood through 
Figs. ||and|l|; the dipole signature associated with the rota- 
tional scattering is limited to the inner region of the cluster 
while the lensing effect, as well as the moving-lens effect, 
due to their dependence on the gradient of the dark halo 
potential, covers a much larger extent. Also, the dipole 



2001 and references therein), we write the angular power 
spectrum of temperature fluctuations as 



a 



a, 



dz- 



dV_ 
dz 



dn(Mz)2 

dM 3 ' 



(12) 



Here, the factor of 2/3 accounts for the random distri- 
bution of rotational inclination angles. The function Gi 
accounts for the spherical harmonic transformation of a 
cluster temperature profile, with a mass M and at a red- 
shift z, produced by the rotational effect. We can write 
Gi as 

1 v^ 

\a hn \ 2 , (13) 



r 2 - 



due tip rotation need not he in the same direction as the 
background gradient of the primary CMB fluctuations" as 
the rotational axis of halos may be aligned differently. In 
Fig. H, we have not included the dominant thermal SZ 
contribution since it can be separated from other contri- 
butions reliably if multi-frequency data are available. 

Note that the lensing effect is aligned with the large scale 
gradient of CMB; thus, when higher resolution CMB ob- 
servations of clusters are combined with a wide-field CMB 
map, one can extract the lensing contribution by noting 
the direction of the large scale gradient of the CMB across 
the cluster. By using the shape of the gradient, one can 
the extract the dipolar pattern due to the moving-lens ef- 
fect. The separation of lensing effects and the rotational 
contribution from each other and from dominant kinetic 
SZ effect can be effectively carried out in Fourier space 
throu gh variou s filtering schemes (see, discussion in Seljak| 
& Zal iarriaga 2000) with certain filters effectively aligned 
based on a priori knowledge. In certain favorable cases, 
the only dipolar contribution may be due to the rotational 
component as the cluster may sit on top of a hot or a 
cold spot of the CMB temperature fluctuations instead of 
a regime where temperature is varying and may not have 
an appreciable transverse component of velocity. The for- 
mer scenario is more likely to be possible as the temper- 
ature fluctuations in CMB have characteristic scales of ~ 
square degree while the extent of galaxy clusters at high 
redshifts are of the order few arcminutes. In such cases, the 
two dipolar patterns when separated will give the trans- 
verse and rotational components of the velocity, while the 
dominant kinetic effect will give the peculiar velocity; us- 
ing higher resolution CMB data alone, it is, thus, possible 
to map the true three-dimensional velocity distribution of 
galaxy clusters. 

5. ANGULAR POWER SPECTRUM 

In order to calculate the angular power spectrum of tem- 
perature fluctuations resulting from the rotational veloc- 
ities, we make use of a cluster population with a mass 
function, dn(M, z)/ dM, given by the Press-Schechter (PS; 
Press & Schechtei 1974) theory. Following previous ap- 
proaches to calculate the angula r power spect ra of the 



thermal and kinetic SZ effects (see tOoora; 



fc Kitayama 1999; Molnar fc 
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2000; IKomats 
Birkinshaw] 2001; Cooray| 
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where a; m are multipole moments following J dnT(n)Y" ; m *(n) 
Due to the dependence of azimuthal angle, cos <f>, in Eq. g, 
only to = — 1 and +1 contributes to the pow er spec- 
trum. To calc ulate multipole moments, we follow Molnai] 



& Birkinshaw (2000) and perform a two-dimensional in- 



tegration of the cluster profile over associated Legendre 
polynomials, P" l (cos9) 



an = 



121 + 1(1-1)1 

4tt (i + iy. 



dA c r]{d)Pl (cos 6>) cos 2 0(14) 



Since an = — ai-i, due to the reality of the temperature 
fluctuation field, and using P^cosf?) = (I + l/2)Ji[(l + 
1/2)9} with first order Bessel function of the first kind 
given by J\, we can write, in the large I limit, 



G > ~2 4^ 



(15) 



with the Legendre coefficients given by an equivalent 2- 
dimcnsional Fourier transform for a temperature distribu- 
tion with an azimuthal dependence 



Ft = 2ir I d9r)(9)Ji(W) 
'o 



(16) 



Since halos themselves are clustered in their spatial dis- 
tribution, with a 3-dimensional linear power spectrum of 
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Fig. 3. — Angular power spectra of temperature anisotropics 
due to rotational scattering (solid line) compared to contributions 
from other effects towards clusters: SZ thermal (dashed line) and 
SZ kinetic (dotted line) primary (long dashed line) and lensed (dot- 
dashed line) CMB anisotropics. 



P(k), there is an additional contribution at large angular 
scales following 



Cf = / dz^P 1 ™ 
dz 



k = — ;z 
d A 



dM 



dn(M, z) 
dM 



b[M,z)Gi 



(17) 



where halo biasing, b(M, z), relative to li near theory can be 



obtained according to the prescription of |Mo et al.| (1997) 



This contribution is the so-called two-halo term under the 
context of halo approach to non-linear clustering, while 
the former C} is the single-halo c ontribu tion sometimes 



called the Poi sson term (see, e .g., [Beljak 2000; and for a 



Cooray fc Sheth| 2002) 



recent review, 

Considering the statistical detection of the rotational 
contribution, we computed the angular power spectrum of 
temperature anisotropies. Our results are summarized in 
Fig. |3J. The solid line shows the angular power spectrum 
due to the rotational component while the curved labeled 
"kinetic SZ" is the usual contribution associated with bulk 



motion of halos (see Cooray 2001 for calculational details). 
For comparison, we also show the thermal SZ contribution 
and the lensed CMB contribution. In general, anisotropy 
power spectrum resulting from rotational contribution is 
smaller than current estimates of SZ thermal and SZ ki- 
netic power. This conclusion, however, is subjected to the 
rotational velocity description. Moreover, our spherical 
halo model may also underestimate this effect because it 
is quite plausible that fast rotating halos are non-spherical 
and thus have higher density away from the center. We 
encourage further numerical work, especially in hydrody- 
namic simulations, to establish the full extent to which 
electron rotational velocities within halos may be impor- 
tant as a source of secondary fluctuations in the CMB 
temperature. Understanding the rotational component is 
necessary to establish the fully non-linear kinetic SZ effect 
contributions to CMB temperature fluctuations. 

6. SUMMARY 

We presented an aspect of the kinetic Sunyaev-Zel'dovich 
contribution to cosmic microwave background tempera- 
ture fluctuations due to the coherent rotational velocity 
component of electrons within halos, instead of the usual 
line of sight peculiar velocity. This contribution has not 
been explicitly considered in prior works and we believe 
the observational signature due to rotation may provide a 
useful probe of the physics of gas rotations within halos. 

For typical clusters of mass a few times 10 14 Mq, this 
rotational scattering effect produces a distinct dipole-like 
temperature distribution with a peak fluctuation of the 
order a few /zK, depending on the rotational velocity and 
the inclination angle of the rotation axis. For an initial de- 
tection, one may also look for clusters with indications of 
such significant rotational velocity through evidences such 
as a recent merger, a bimodal distribution of galaxies, a 
large ellipticity or X-ray emission line gradients. In such 
case of recent mergers, the rotation velocity could be few 
tens of times greater than the typical cases we have consid- 
ered allowing detection with instruments such as BOLO- 
CAM that are just becoming available. For more typical 
cases involving relaxed clusters, the contribution due to 



rotational velocities can eventually be probed with future 
higher resolution CMB observations such as those planned 
with the CARMA array and the South Pole Telescope (J. 
Carlstrom, private communication). 

This dipole signature is similar to the one produced 
by lensed CMB towards galaxy clusters, though the lens- 
ing contribution spans a larger angular extent than the 
one due to rotational scattering. Since the lensing contri- 
bution towards clusters are aligned with the large scale 
CMB gradient, when higher resolution observations to- 
wards clusters are combined with a wide field CMB map, 
the gravitational lensing dipole can be separated out from 
the dipole pattern towards the cluster due to the rotational 
contribution. The angular power spectrum of tempera- 
ture anisotropies produced by the halo rotation is below 
the fluctuations power associated with the thermal SZ and 
peculiar velocity kinetic SZ effects. 

The rotational kinetic SZ effect allows a useful probe of 
the angular momentum of gas in massive galaxy clusters, 
which is not easily measurable from other observational 
techniques. This could provide us useful information on 
the evolution of clusters and galaxies. Understanding the 
rotation of cluster baryons may also be be helpful in the 
context of massive cooling flows where there is now a well 
known problem in astrophysics with the lack of low tem- 
perature gas. 
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